Multislice echo-planar imaging (EPI) is a commonly used technique for fMRI studies. Brain activation images acquired using fMRI are sensitive to T 2 * changes, reflecting the level of blood oxygenation (BOLD contrast), and may also contain an element of T 1 contrast which detects blood flow changes in large vessels. If slice inflow (T 1 ) effects are significant in multislice EPI, then as the order in which the slices are acquired is changed, differences in the activation maps are predicted. However, in experiments presented here using visual stimulation, the data demonstrate that highly consistent results can be achieved for repetition times (TR) of 6.0, 3.0, and 1.5 s. This suggests that, for whole-brain multislice EPI, fMRI activation is dominated by T 2 *, BOLD contrast. The thickness of the imaging slice is also an important parameter in these studies, having implications for spatial resolution, sensitivity, and acquisition time. In separate visual cortex experiments the effect on the values of the fMRI Z scores and the number of activated voxels is investigated as a function of slice thickness (from 1 to 8 mm). The maximum Z scores in the data are similar for all slice thicknesses and, after resampling to allow a direct comparison to be made, the volume of visual cortex detected as significantly activated increases with slice thickness. 1999 Academic Press
INTRODUCTION
Echo-planar imaging (EPI) is the most frequently used technique for functional imaging studies of the human brain. It provides adequate resolution (3 mm or better) in a short time (Ͻ100 ms per slice). Consequently the entire brain can be imaged in a few seconds with EPI. Since its inception (Mansfield, 1977) many variants on the technique have evolved and several of these have been used for functional magnetic resonance imaging (fMRI) (Turner et al., 1991; Bandettini et al., 1994; Yang et al., 1998) . There is probably no single optimal acquisition strategy for fMRI, different applications having different requirements. The optimization of sensitivity and the minimization of artifacts are two important factors. For multislice EPI based on the 2D MBEST variant (Johnson and Hutchison, 1985; Howseman et al., 1988 ) the thickness and the order and orientation of the acquired slices are important considerations.
The earliest fMRI experiments, using endogenous contrast in the human brain, demonstrated that brain activation could be detected on both T 2 *-and T 1 -weighted images (Kwong et al., 1992) . Quite different contrast mechanisms lead to these signal changes, each of which can be related to the local increases in cerebral blood flow (rCBF) which occur in response to neuronal stimulation (Roy and Sherrington, 1890) . Changes in T 2 * reflect a change in the oxygenation of venous blood, the BOLD (blood oxygenation level dependent) contrast mechanism. The large increase in blood flow and concomitant oxygen delivery is accompanied by a relatively smaller increase in oxygen utilization (Fox and Raichle, 1986 ) which leads to a reduction in the concentration of venous deoxyhemoglobin which acts as an endogenous paramagnetic contrast agent (Ogawa et al., 1990) . On T 1 -weighted images functional contrast can occur as a direct consequence of an increase in rCBF. When multiple radiofrequency (RF) excitations of a slice are made, as with two-dimensional fourier transform imaging, unsaturated flowing spins replace partially relaxed magnetization in the imaging slice. This increased contribution to longitudinal magnetization is manifested as an apparent reduction in T 1 relaxation time (Kwong et al., 1992) . Hence during neuronal stimulation a localized increase in blood flow can lead to an increase in the number of freshly excited spins entering the imaging slice and thus a higher signal than in the resting state.
Gradient echo imaging techniques with a short repetition time (TR) have a component of T 1 weighting and may yield fMRI signals due to both T 1 and T 2 * effects. Using single-slice FLASH it has been shown that it is possible to distinguish between inflow and deoxyhemoglobin effects by manipulation of the imaging parameters such that either T 1 or T 2 * contrast dominates (Frahm et al., 1994) . The T 1 -dependent effect can introduce misleading signals into the fMRI data as it is most significant in large vessels, which may not be in close proximity to sites of neuronal activity (Frahm et al., 1994; Kim et al., 1994; Duyn et al., 1994) . In general, when short TR methods are used for fMRI, it is usual to minimize this problem by using low flip-angle RF pulses.
Multislice EPI is routinely used to image the entire brain for cognitive fMRI studies. The relatively long TR associated with multislice EPI (typically a TR of 3 s is used when acquiring 32 slices to image the whole brain) suggests that T 1 effects should be small. However, this assumption may not be valid because the rapid multiexcitation nature of the acquisition could introduce complex saturation effects as blood traverses the imaging volume. In the case of single slice EPI with a long TR, the blood vessels will be replenished with fresh, unsaturated spins during each TR interval for a wide range of flow values. Under these conditions, a change in blood flow induced by neuronal activation will not lead to a change in spin saturation relative to that of the resting state. When multislicing is employed, however, there may be saturation of signal due to previous excitation of flowing spins when at a different location. For example, in a vessel running perpendicular to the slices, a constant blood velocity of 3 cm s Ϫ1 (equal to the imaging rate of exciting consecutive 3-mm slices every 100 ms) could cause total saturation if the slices are being acquired in the same direction as the flowing spins. On the other hand, if the flow is opposite to the direction of multislicing there will be no saturation whatsoever. Evidently, in the three-dimensional brain vasculature, instances of partial saturation may be expected. For activation studies, the effect of an increase in blood flow on the T 1 component of image contrast could lead to either signal increases or signal decreases during periods of stimulation depending on the flow rate and direction (Duyn et al., 1996) .
The extent of T 1 -based flow effects, in fMRI data acquired with multislice EPI, is assessed here by performing a visual stimulation experiment with different multislice parameters. Data are compared at three different TR values from axial slices in which the order of acquisition through the brain is ascending, descending, and interleaved. The effects of having gaps between the slices and of changing the slice orientation have also been studied. These experiments have been performed to test the following hypotheses: (1) if the T 1 -based flow effects are significant they should be manifested as different patterns of activation (in either location or amplitude) as the order and orientation in which the slices are acquired are changed and (2) any differences observed should be greater for acquisitions with a shorter TR.
A further consideration in the design of fMRI imaging protocols is the choice of slice thickness. Any gain in spatial resolution obtained with thin slices may be offset by a reduction in the statistical significance of the results. The magnitude of the fMRI signals is affected by the thickness of the imaging slices as previously shown by Frahm et al. (1993) using high-resolution FLASH imaging. As the size of a voxel is reduced, the change in signal intensity due to functional activation can be increased considerably. This can be explained in terms of a partial volume effect in which the source of the functional signal is highly localized on a subvoxel scale. The variance in the time series, which depends on different sources of noise, is also important. If physiological variability is the dominant source of noise then the lower signal-to-noise ratio (SNR) of thinner slices should not reduce the significance of activation. On the other hand, if thermal noise also contributes to time series variance, the SNR of the individual images is more important. Therefore, as the slice thickness is reduced, the statistical significance of functional change may be subject to two conflicting effects: increasing contrast and decreasing SNR.
The effect of the thickness of the imaging slices on the statistical significance of the signal changes has been studied using the same visual stimulus as in the slice order experiments. By keeping the timing of the experiments identical and changing only the thickness of the slices in the multislice volume, direct comparisons between the functional data were facilitated.
METHODS
All of the data were acquired on a Siemens Magnetom Vision scanner, operating at 2 T, which has EPI implemented using a whole-body gradient coil with a maximum gradient strength of 25 mT m Ϫ1 and a rise time of 300 µs. The RF coil used was a quadrature head transceiver and for all experiments 90°tip angle pulses were used. Standard gradient echo EPI (TE ϭ 40 ms) was used with an image matrix of 64 ϫ 64 and a FOV of 192 mm, giving an in-plane resolution of 3 mm. Full Fourier acquisitions were performed with an interecho interval of 600 µs, sinusoidal gradient switching, and nonlinear ADC sampling. N/2 ghost reduction was achieved using a two-echo prescan. The total imaging time (including fat suppression) for each slice was 95 ms, so that a set of 64 slices could be acquired with a minimum TR of 6.0 s. For all the experiments the time interval between slices was kept as short as possible so that the chosen TR value determined the number of slices acquired.
The visual stimulus consisted of a black and white circular checkerboard reversing at a frequency of 8 Hz and projected onto a screen attached to the RF coil. In a series of previous experiments this stimulus has yielded highly reproducible functional activation maps in several subjects (Howseman et al., 1998) and is therefore an ideal stimulus to investigate the effects of different scanning protocols. On a clinical MRI system such as the one used in this study, several automatic features are employed to calibrate and optimize the data for each separate acquisition. To examine the possibility that these optimization algorithms might introduce unwanted variability into the data, a series of experiments was performed to test the effects of: (1) automatic shimming, (2) calibration of RF power for 90°tip angles and calibration of receiver gain settings, and (3) subject position in the RF coil. The experiments consisted of several repeated measurements of the same short (3 min) fMRI paradigm and were performed in a sequence as illustrated in Table 1 . This type of design allows the assessment of variability due to experimen- Note. Each scanning block lasts 3 min and consists of the checkerboard stimulus alternated with rest. During the 20-25 min total experimental time physiological effects may be indistinguishable from experimentally controlled effects. Therefore the experimental design includes repetitions of identical conditions in conjunction with the factors under test. For two subject positions, A and B, and shim settings a, b, and c the order of events during the six-block experiment is as shown. Differences in activation images between blocks 1 and 2 may be due to a combination of the position of the subject, reshimming, calibration, and physiological factors. Differences between blocks 4 and 5 are due to the auto-shim algorithm, calibration, and physiological factors. Any differences between blocks 2 and 3 can only be attributable to physiological effects. tal factors under test over and above any inherent physiological variability.
For the slice order experiments two different slice thickness and gap combinations were used (thickness 3 mm, gap 0 mm and thickness 1.8 mm, gap 1.2 mm). In each case a single subject was studied in three separate experiments with different repetition times. For each TR value, three fMRI time series with axial slices were acquired. These corresponded to consecutive ascending slices, consecutive descending slices, and using a twopass interleaved acquisition in an ascending order (1, 3, . . ., nϪ1; 2, 4, . . ., n). Each series consisted of three periods in which the checkerboard was presented alternated with rest. The first experiment had 64 slices per volume with TR ϭ 6.0 s; the duration of the stimulation and rest epochs was 60 s. In the second and third experiments, 32 slices (TR ϭ 3.0 s) and 16 slices (TR ϭ 1.5 s) were acquired, respectively. For both of these the stimulation and rest epoch length was 30 s. In a separate experiment axial, sagittal, and coronal slices were acquired in the three series. With a FOV of 192 mm and coverage in the slice direction of 192 mm it was possible to acquire data from a nominally identical cubic volume for all three orientations.
Two subjects were studied in the slice thickness experiments. Five slice thicknesses were investigated:
FIG. 2.
Statistical parametric maps displayed as orthogonal sections and maximum intensity projections (MIPs) from two sessions in which the scanner was reshimmed and recalibrated between measurements: (i) MIPs showing the extent of visual cortex activation from the checkerboard stimulus (thresholded at P ϭ 0.001), (ii) the activation map displayed as orthogonal sections through the most significant voxel, and (iii) interaction MIPs showing the minimal differences in activation between measurements (thresholded at P ϭ 0.001).
FIG. 3.
Statistical parametric maps from the 64-slice experiment with 1.8-mm-thick slices and 1.2-mm gaps. The activation SPMs are overlaid onto raw EPI images in three sections intersecting at a highly significant voxel: (a) ascending slices, (b) descending slices, and (c) interleaved slices. (d) Interaction SPM in which activations are higher in the descending series than in the interleaved series (the interaction with the largest significant differences of the six possible interactions). In all cases the threshold for display is set to P ϭ 0.001 (uncorrected for multiple comparisons).
1, 2, 3, 5, and 8 mm. Thirty-two slices were acquired (TR of 3 s, ascending order) at each slice thickness and there were no gaps between slices. The minimum coverage of the visual cortex was therefore 32 mm and for all acquisitions the slices were centered on the calcarine fissure and angled parallel to it. The checkerboard stimulus was alternated with rest in three periods of 60 s duration. For each subject the order of acquisition with the different slice thicknesses was randomized.
DATA PROCESSING
Data processing was performed using statistical parametric mapping (SPM96; The Wellcome Department of Cognitive Neurology). Hypotheses about the data are tested in SPM using a framework provided by the general linear statistical model (Friston et al., 1995a) . The fMRI data are fitted to a user-specified model on a voxel-by-voxel basis. The significance of any signal changes is assessed using a simple t test at each voxel, and statistical inference about the significance of these effects within the three-dimensional volume is calculated by recourse to the theory of random Gaussian fields (Friston et al., 1994a ).
In the scanner calibration experiments and the slice order studies the time series from each experiment were processed in a single SPM analysis. This allows inference about the differences between series to be drawn. The first stage of data processing was to remove the effects of subject motion using the SPM image realignment algorithm (Friston et al., 1995b) . For each experiment all images in the series were aligned to the first volume in the first series (except for data acquired using different slice orientations in which realignment between series was precluded by the different geometric image distortions related to susceptibility boundaries). Estimation of movement parameters showed that there was less than 1 mm translation and 0.5°r otation in any direction during each 3-to 6-min series. After realignment the image data were smoothed with a Gaussian kernel of 4 mm.
The model chosen for data analysis for the slice order experiments can be expressed in the form of a design matrix as shown in Fig. 1 . Each column in the design matrix refers to a successive data point (corresponding to a complete brain volume) in the time series. The rows of the design matrix correspond to the model effects to be fitted to the data. The top six rows denote the stimulation and rest conditions for the three time series (labeled Sessions 1-3). A delay is built into these components to account for the delay in the rise of the hemodynamic response and the boxcar model is convolved with the hemodynamic response function (Friston et al., 1994b) . Note that for each session the model is set to zero (grey) during the scans which correspond to another session. Below these are terms to fit a baseline level and a ''high-pass filter'' (Holmes et al., 1997) which is used to remove slowly varying signal components from the data, the highest frequency component removed being set to half the frequency of the experimental design. These low-frequency components may be due to residual movement effects or physiological variability.
Using a model as shown in Fig. 1 allows inferences to be made about the three series separately and identification of significant differences between series. (Friston et al., 1995a) . This is equivalent to testing for signals which are high during the visual stimulation in series 1 and low during the periods of rest in series 1. The activity or otherwise during series 2 and 3 has no bearing on the result. To assess the statistical differences between two series an ''interaction'' contrast such as [Ϫ1 1 1 Ϫ1 0 0] Note. Of several comparisons made for each cell in the table, the following notation describes the comparison with the most significant differences (the worst case example): x no significant differences, * minimal differences (clusters Ͻ20 voxels, P Ϲ 0.01), differences present (clusters Ͼ20 voxels, P Ϲ 0.01), differences present at P Ϲ 0.01, corrected for multiple comparisons. Experiment 1 shows that the calibration and autoshimming by the scanner have no effect on the data. In experiment 2, moving the position of the subject in the RF coil by 5 cm has some significant effect in two of five subjects but minimal effects in another two of five.
is used. This interaction tests for signal changes between the stimulus and rest conditions which are greater during session (series) 1 than during session (series) 2. This method of analysis was used to identify significant interseries differences for the fMRI activation maps generated in each of the experiments.
In the slice thickness experiments each time series was analyzed individually. Image volumes were realigned to the first volume in the time series. Each series was coregistered to the 1-mm slice thickness data which resulted in masked volumes of 32-mm width, resampled at 3 ϫ 3 ϫ 1-mm voxel size, to allow the direct comparative analysis of equal brain volumes. Data were analyzed with two types of smoothing: (i) minimal smoothing with a Gaussian kernel of 3 mm in-plane and no smoothing through-plane and (ii) smoothing with a Gaussian kernel of 3 mm in-plane and 8 mm across planes. The second case effectively matches the resolution of the thinner slice data to that of the 8-mm slice data. SPMs for the different slice thickness data were superimposed for comparison of the spatial extent of detected activated regions. Histograms of Z scores were generated to compare the number of activated voxels, and histograms of percentage signal changes were generated for all voxels above a specified activation threshold.
RESULTS

Effects of Scanner Calibration
SPMs from one of the experiments to test the effect of scanner autocalibration are shown in Fig. 2 . In Figs. 2i and 2ii strong BOLD contrast is seen throughout the visual cortex while the subject observed the checkerboard stimulus. In Fig. 2iii the statistical difference images between two measurements in which the scanner has been reshimmed and recalibrated are shown (thresholded at an uncorrected P value of 0.01). No significant differences exist in visual cortex and the single small cluster does not survive correction for multiple comparisons at a P ϭ 0.05 level. In Table 2 all of the calibration experiments are summarized. For each entry in the table several comparisons can be made due to the design of the experiment (Table 1) . In each entry the result reported refers to the comparison which represents the worst case, i.e., that with the most significant differences. Taken as a whole these data show no differences which can be directly attributed to the operation of the scanner. In those subjects for which position within the RF coil (within 5 cm) has some effect on the results, the measured differences cannot be systematically attributed to the RF coil profile. The probability is that these differences are primarily of physiological origin. Figure 3 illustrates results from the slice order experiment in which 64 slices were acquired with ascending, descending, and interleaved axial slices. The slice thickness was 1.8 mm and the gap 1.2 mm; the TR was 6.0 s. Three orthogonal sections through the statistical maps are shown overlaid onto raw EPI images. The height threshold has been set to Z ϭ 3.09, corresponding to a P value of 0.001 (uncorrected for multiple comparisons). The coordinate at which the sections intersect corresponds to a highly significant voxel in all three data sets. At these sections (and any other selected through the 3D data) the activation maps for the three types of slice acquisition are strikingly similar. Several functional areas of the visual cortex are activated, including the motion area V5 (Watson et al., 1993) , which is due to the reversing checkerboard generating apparent circular motion. The similarity between the three data sets in Figs. 3a, 3b, and 3c is demonstrated explicitly in Fig. 3d in which the interaction between two of the three types of slice order shows no significant differences [height threshold of Z ϭ 2.33 (P ϭ 0.01)]. This interaction represents the significance of the difference in the differences between the rest and the stimulation signal levels in series 1 (descending slices) and series 3 (interleaved slices). The tail of the t test shown corresponds to both increases in activations and decreases in deactivations in going from series 1 to series 3. The statistics do not distinguish between these two, although nearly all the changes are signal increases during stimulation (activations). The data shown correspond to the largest difference in any of the six interactions between the three series and as such represent the worst-case example.
Effects of Slice Order and Orientation
SPMs for the two subjects scanned in the slice order experiments are shown as maximum intensity projections in Fig. 4 . A representative of the activation contrasts (of which there are three for each TR value), and of the interactions between series (of which there are six for each TR value), is shown. For each subject, the interaction giving rise to the largest differences between series is shown (for each TR value). In the subject scanned with gaps between the slices (Figs. 4i  to 4iv ) the TR ϭ 3.0 s data show excellent agreement irrespective of the slice order used. With TR ϭ 1.5 s, very consistent results are also found although in the interaction shown in Fig. 4iv small differences are seen (none of these survive correction for multiple comparisons). In the data acquired with a TR of 6.0 s, the interaction shown (Fig. 4ii, ascending-interleaved) contains several clusters, a few of which survive correction; these are mostly in areas around the top of the cerebellum and may be a result of small subject movement between series. It should be noted that this is the same FIG. 5. Activation SPMs from the slice thickness experiments (after resampling to 3 ϫ 3 ϫ 1-mm voxels) overlaid onto raw EPI images. Significantly activated voxels from four selected image planes are shown: (i) voxels in the 3-mm slice thickness data shown in red, activated voxels in the 2-mm slice thickness data shown in green, and their overlap shown in yellow; (ii) activated voxels in the 8-mm slice thickness data in red, activated voxels in the 5-mm slice thickness data in green, and their overlap in yellow; (iii) results of the 3-and 2-mm slice thickness data (shown in i, same color code is used) after smoothing in the z direction; (iv) results of the 5-mm slice thickness data (shown in ii, same color code is used) after smoothing in the z direction. In all cases the threshold for display is set to P ϭ 0.001 (uncorrected for multiple comparisons).
FIG. 4.
Results of slice order experiment presented in MIP format. (i to iv) Subject scanned with 1.8-mm-thick slices and 1.2-mm gaps; (v to viii) subject scanned with 3-mm-thick slices and no gaps. For each subject: i and v illustrate the main effect of visual stimulation vs rest, ii and vi illustrate the largest interactions between series in the TR ϭ 6 s data, iii and vii illustrate the largest interaction between series in the TR ϭ 3 s data, and iv and viii illustrate the largest interaction between series in the TR ϭ 1.5 s data. All results are displayed with a threshold set at P ϭ 0.01 (uncorrected for multiple comparisons).
interaction, shown on orthogonal sections in Fig. 3d , which has minimal differences between activations in the visual areas. Furthermore the other five interactions for TR ϭ 6.0 s show far fewer differences. In the second subject (Figs. 4v-4viii) , for which the slice thickness was set to 3 mm and the gap nominally to 0 mm, excellent agreement between all three slice orders is achieved for TR ϭ 6.0 s and TR ϭ 3.0 s. Note that for TR ϭ 3.0 s the eyes are seen in the interaction shown due to movement correlated with the stimulus. When a TR of 1.5 s is used (Fig. 4viii) , a systematic difference between the data acquired with interleaved slices and that with ascending or descending slices is seen. The pattern of alternate slice activation seen in visual cortex is due to a combination of very small stimuluscorrelated motion (seen in the realignment parameters) and an intensity variation in the odd and even slices in the interleaved data which result from imperfect slice profiles.
In summary of the slice order experiments: using uncorrected P values, a number of voxels are significantly different between the series but this is negligible compared to the number of voxels in the activation maps. When corrected P values are used very few significant differences between the series remain. The only situation in which a significant difference in the pattern of visual cortex activation is found is for the shortest TR of 1.5 s, when there are no gaps between the slices.
The activation maps for axial, sagittal, and coronal acquisitions produce qualitatively similar patterns of activation (not shown). However, the effect of B 0 inhomogeneity and intrinsic susceptibility differences on the EPI images, due to the low frequency per point in the blipped gradient direction, causes considerable geometric distortion. This effect precludes a direct comparison of the areas of activation by an interaction analysis in SPM. In attempting to do this we simply found significant differences at the edges of the clusters of activation which are to be expected in light of the geometric distortion. It may be possible to repeat this experiment using an acquisition method which removes geometric distortion from the EPI images (Jezzard et al., 1995) so that a quantitative comparison can be performed. Figure 5 illustrates the activation SPMs of one of the subjects studied with different slice thicknesses. Four selected image planes through the visual cortex are shown, for analyses with and without smoothing in the z direction. Note that in all cases the resampled voxel size is 3 ϫ 3 ϫ 1 mm. Activated voxels are displayed in the SPMs (overlaid onto raw EPI images) as described in the figure legend. Without smoothing (Figs. 5i and 5ii) areas of brain activation are considerably smaller in extent for the acquisitions using thinner slices. After the 8-mm smoothing is applied in the z direction (Figs. 5iii and 5iv) the activated regions increase such that similar activation maps are obtained for all slice thicknesses.
Effects of Slice Thickness
The results for both subjects are summarized in Table 3 . The maximum Z scores and the total number of voxels in the clusters of visual cortex activation (above Note. Data are presented for two types of smoothing: (i) smoothing with a Gaussian kernel of 3 mm in-plane and no smoothing through-plane (3-3-1 mm) and (ii) smoothing with a Gaussian kernel of 3 mm in-plane and 8 mm across planes (3-3-8 mm). The second case effectively matches the resolution of the thinner slice data to that of the 8-mm slices. a height threshold of Z ϭ 3.09) are shown for each slice thickness. The maximum percentage signal change of any activated voxel at each slice thickness is also shown. The results are presented first with minimal smoothing and then with the smoothing kernel which renders the data from all slice thicknesses comparable in smoothness. The results show that for slice thicknesses between 2 and 8 mm the maximum Z scores are broadly similar. In the data smoothed only in-plane, the number of activated voxels (after resampling) increases dramatically with slice thickness and both subjects show a similar trend. When the smoothness of the different slice thickness data is matched by smoothing the resampled data in the z direction, a direct comparison of the activated brain volume can be made. The smoothed data show that the number of activated voxels for the thinner slice thicknesses increases significantly and for both subjects the 5-and 8-mm data now have a very similar number of activated voxels. In subject B the 2-mm data are also very comparable to the 5-and 8-mm results but the 3-mm data have approximately 2 ⁄3 the number of voxels. In subject A this result is reversed. Physiological variability is the probable source of the discrepancy in subject B in which the number of activated voxels in the 3-mm slice data is lower than the trend in the data would suggest. The data acquired with a slice thickness of 1 mm has considerably fewer activated voxels than any of the other data sets. This may be due to the low SNR of these images. However, there was also some evidence that realigning the 1-mm data was more sensitive to the effects of subject motion.
In both subjects the maximum percentage signal change is seen to increase as the slice thickness is reduced even though the extent of activation encompasses many slices. However, it is seen that these larger percentage signal changes at thinner slices are not manifested as higher maximum Z scores, suggesting that the lower SNR of the thinner slices is offsetting the gain in BOLD contrast. Histograms of the percentage signal changes of all activated voxels above a threshold of Z ϭ 3.09 are shown in Fig. 6 for one of the subjects. These data are presented with minimal smoothing and the histograms show a longer tail toward higher percentage changes for the thinner slices. It is also seen that due to the increased SNR for the thicker slices more low-percentage changes survive the statistical threshold. Finally, a number of voxels with negative signal changes are seen and as there are no significant regions of brain deactivation these negative changes are attributed either to physiological effects or to residual movement.
DISCUSSION
The results shown here indicate that, for multislice EPI covering a large extent of the brain, the effect of the slice order on the fMRI data is insignificant and this implies that T 1 effects are negligible for these types of experiments. This suggests that the data are dominated by T 2 * contrast reflecting the level of blood oxygenation. The major concern about T 1 -related fMRI signals is how they may be distal to sites of cortical activity (Frahm et al., 1994; Kim et al., 1994; Duyn et al., 1994) . Although the multislice EPI technique has been shown here to have no sensitivity to inflow, this does not preclude the possibility that there may be BOLD contrast in large vessels, reflecting downstream changes in oxygenation.
There is no evidence that the slice order influences the patterns of functional activation for multislice EPI for most of the experiments presented, the only exception being the 1.5-s. TR data with no gaps. Although the null hypothesis (that no differences exist between the acquisition methods) has not been proven to be false in most of these experiments, it may be the case that by acquiring data for longer periods, and thereby improv- ing statistical power, some significant differences would be found. However, such a difference, though statistically significant, may be minuscule and a case of the hypothesis testing fallacy in which, given enough data, one will always reject the null hypothesis eventually. It should be recognized that many of the voxels which appear in the statistical difference images of Fig. 4 may not be due to any effect of the imaging technique but instead occur because of interseries physiological variability, as seen in the control experiments for scanner calibration effects. Whatever their source, the number of voxels in which differences occur is very small compared to the total number of voxels showing activation. Indeed, as well as informing the choice of imaging protocol, the results demonstrate the excellent reproducibility within an imaging session achievable with functional MRI.
The choice of slice order has no effect on the fMRI data when a continuously applied visual stimulus is used. However, for fMRI studies which use the periodic presentation of stimuli this is not always the case. In a separate study it has been shown that systematic differences between ascending and descending slice acquisition were observed with a cognitive paradigm and can be attributed to the relative timing of the stimulus presentation and the acquisition of the different slices (Price et al., 1998) . This occurs when the interstimulus interval is not sufficiently small to ensure that, after convolution of stimuli with the hemodynamic response function, the BOLD response is at a constant level. This effect needs to be accounted for either in the experimental design or in the analysis of the data.
The maximum percentage signal change increase as the voxel size is reduced is consistent with a similar finding of Frahm et al. (1993) . With a 256 2 matrix and a slice thickness of 4 mm, signal changes as high as 40% were reported. However, since that imaging technique was single-slice FLASH with a tip angle of 40°, those data are more likely to have contributions from T 1 effects. In the data shown here the largest percentage signal changes measured are 18%. Figure 7 shows a plot of time courses taken from activation SPMs shown in Fig. 3 (slice thickness 1.8 mm) . From a single voxel which is highly significant in all three SPMs, the raw data from the ascending, descending, and interleaved time series and their modeled responses are shown. The level of the activation signal is very similar in all three cases and represents a 12% signal increase during stimulation relative to rest. It has been suggested that BOLD signal changes originating from the microvasculature will have a magnitude of no more than 2-5% at 2 T Kennan et al., 1994; Boxerman et al., 1995) and therefore any larger changes such as those in Fig. 7 must originate from larger vessels occupying a significant fraction of a voxel Haacke et al., 1994) .
The choice of slice thickness in an fMRI experiment is a tradeoff between a number of factors: time to acquire the required brain volume, BOLD contrast-to-noise ratio and hence statistical power to detect activation, spatial resolution, and minimization of signal dropout due to susceptibility effects. Although after smoothing in the z direction the data here yield similar functional images for the 2-, 3-, 5-, and 8-mm acquisitions, it should not be forgotten that in this particular experiment the timing was kept fixed, and so the coverage with the thicker slices is much greater than required. More generally, a major advantage of using thicker slices is that the time to scan a given brain volume is inversely proportional to the slice thickness used. The results presented therefore suggest that using thin slices of 2 or 3 mm does not yield optimal sensitivity per unit time. The optimal slice thickness for an fMRI experiment will be determined by the particular requirements of each individual study. In a study of visual or sensorimotor cortex organization the need to have high resolution may be paramount. However, for many fMRI studies a slice thickness of 5-8 mm will optimize sensitivity and provide adequate localization. On the other hand, brain areas most affected by magnetic susceptibility artifacts will be less susceptible to signal dropout problems if imaged using thinner slices. Furthermore there is some evidence that the use of small gaps between the imaging slices may help to reduce the extreme sensitivity of functional MRI to stimuluscorrelated motion.
